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abstract Ischemia and denervation of EDL 
muscle of adult rat induce a large central zone of 
degeneration surrounded by a thin zone of periph- 
eral surviving muscle fibers. Muscle regeneration is a 
complex phenomenon in which many agents inter- 
act, such as growth factors and heparan sulfate 
components of the extracellular matrix. We have 
shown that synthetic polymers, called RGTA (as 
regenerating agents), which imitate the heparan sul- 
fates, are able to stimulate tissue repair when applied 
at the site of injury. In crushed muscles, RGTA were 
found to accelerate both regeneration and reinner- 
vation. In vitro, RGTA act as protectors and potenti- 
ators of various heparin binding growth factors 
(HBGF). It was postulated that in vivo their tissue 
repair properties were due in part to an increase of 
bioavailability of endogenously released HBGF. In 
the present work, we show that ischemic and dener- 
vated EDL muscle treated by a unique injection of 
RGTA differs from the control after 1 wk in several 
aspects: 1) the epimysial postinflammatory reaction 
is inhibited and the area of fibrotic tissue among 
fibers is reduced; 2) the peripheral zone, as mea- 
sured by the number of intact muscle fibers, was 
increased by more than twofold; and 3) In the central 
zone, RGTA enhances the regeneration of the mus- 
cle fibers as well as muscle revascularization. These 
results suggest that RGTA both protects muscle 
fibers from degeneration and preserves the differ- 
entiated state of the surviving fibers. For the first 
time it is demonstrated that a functionalized poly- 
meric compound can prevent some of the damage 
resulting from muscle ischemia. RGTA may there- 
fore open a new therapeutic approach for muscle 
fibrosis and other postischemic muscle patholo- 
gies. — Desgranges, P., Barbaud, C., Caruelle, J.-P., 
Barritaoult, D., Gautron, J. A substituted dextran 
enhances muscle fiber survival and regeneration in 
ischemic and denervated rat EDL muscle. FASEB J. 
13, 761-766 (1999) 
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One of the fundamental properties of skeletal mus- 
cle is its ability to regenerate after damage caused by 
injury or disease (1, 2). Among these forms of 
damage, ischemia and denervation after free whole 
skeletal muscle transplantation induce characteristic 
phases of degenerative and regenerative changes (1, 
3). During the first week, transplanted extensor 
digitorum longus (EDL) 3 in rat exhibits a large 
central zone of necrotic muscle fibers, surrounded 
by a diin peripheral layer of surviving muscle fibers. 
Muscle regeneration is associated with revasculariza- 
tion and reinnervation, and occurs during 60 to 90 
days after transplantation (4). 

Regeneration of skeletal muscle is a natural pro- 
cess in adults that differs in two aspects from muscle 
differentiation observed during fetal development. 
First, regeneration is preceded by a more or less 
complete fiber myolysis, inducing activation of pre- 
existing satellite cells (5). Myolysis results from the 
action of endogenous proteases such as calpains (6) 
activated during the inflammatory process. Second, 
the regenerating process takes place widiin the rem- 
nants of the original muscle basal lamina. The basal 
lamina may be completely degraded; subsequent 
regeneration leads to changes in muscle structure, 
which is less efficient (7). Hence, proper muscle 
regeneration depends on extracellular components 
and appropriate growth factors that will trigger sat- 
ellite cells to proliferate, migrate, and form new 
fibers (8, 9). 

In previous work we have shown that some syn- 
thetic polymers that mimic the action of heparan 
sulfate, called RGTA (for regenerating agents), were 
able to stimulate tissue repair when applied at the 
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site of injury (10). Indeed, RGTA was able to en- 
hance skin (10), bone (11), colonic (12), and cor- 
neal healing (13). The RGTA used was a dextran 
derivative containing defined amounts of substituted 
carboxyrnethyl, benzylamide, and sulfonate groups. 

In vitro, this RGTA interacts with and protect 
various heparin binding growth factors (HBGF) such 
as fibroblast growth factor (s) [FGF(s)] or tumor 
growth factor (5 (TGF-f$) against proteolytic degrada- 
tion and thus enhances their bioavailability (14, 16). 
This molecule is devoid of anticoagulant activity and 
was found to inhibit several proteases (17, 18). 
RGTA could also accelerate regeneration and rein- 
nervation of crushed muscles. We have shown that a 
single injection of RGTA, just after injury, was able to 
stimulate the regeneration and differentiation of 
muscle fibers. After denervation, this treatment also 
enhanced reformation of the motor end-plates on 
die regenerated muscle fibers (19-21). 

Considering the importance of peripheral muscle 
ischemia-induced degeneration in human clinics, we 
investigated the effect of RGTA on muscle regener- 
ation in a modified model of ischemic and dener- 
vated EDL rat muscle. 



MATERIALS AND METHODS 

1) RGTA 

RGTA was a carboxyrnethyl benzylamide sulfonate dextran 
synthesized from native dextran T40 (MW 40,000) batch 
32202 (Pharmacia Fine Chemicals, Uppsala, Sweden), as 
described by Mauzac and Josefonvicz (22) by a sequential 
substitution of three addition steps on glucose residues: 
carboxymethylation, followed by coupling benzylamide and 
finally sulfonation. 

The chemical composition was determined by microanaly- 
sis and spectrophotometric techniques. Their degree of sub- 
stitution by addition of the various reactive groups can be 
controlled, yielding a large family of different compounds. 
For the RGTA-11 used in these experiments, the percentage 
of hydroxyl groups bearing substitutions was 110% for meth- 
ylcarboxylic acid, 2.5% for benzylamide, and 36.5% for ben- 
zylamide sulfonate groups respectively according to Mauzac 
determination. It was selected for its low anticomplement 
activity, its very low anticoagulant activity (4 IU/mg), and its 
ability to mimic heparin or heparan sulfate proteoglycans in 
their in vitro interactions with FGFs. 

2) Ischemic muscle model 

The ischemic muscle model was derived from that developed 
by Carlson (3) on the EDL of adult rat. Two-month-old male 
Wistar rats (n=15) weighting 175-200 g (from IFFA-CREDO, 
Lyons, France) were used. All procedures complied with the 
'Principles of Laboratory Animal Care' and 'Guide for the 
Care and Use of Laboratory Animals' (NIH Publication No 
80-23, revised 1985). The animals were anesthetized by ether 
during die procedure and at the time of removal of the 
muscle for analysis. The EDL muscles of both leg limbs were 
dissected with exposure of proximal and distal tendons. The 
neurovascular trunks were sectioned at the entry of the 



muscle and the ischemia was completed by ligation with 5-0 
Polypropylene sutures (Ethnor, Paris, France) without cutting 
the tendons as opposed to the original model of Carlson (3). 

The EDL muscle of one leg was injected by using an 
Hamilton syringe with a specific sharp and flexible needle 
(N-50 type B, Ito Corp. Fuji, Japan) specifically chosen to 
minimize physical damage of muscle fibers), containing 100 
p,l of a solution of RGTA at a concentration of 50 fig/ml in 
phosphate buffered saline (PBS). The contralateral EDL 
muscle was injected with 100 u.1 of PBS and is referred to as 
'control muscle or non-RGTA-treated muscle'. More pre- 
cisely, in order to reduce muscle fiber damage and provide a 
homogenous repartition of RGTA, the injection was per- 
formed in two steps under a binocular microscope as follows: 
the needle was introduced into the mid-region of the EDL 
muscle at an angle so that it penetrated parallel to the muscle 
fibers toward the proximal tendon. As the syringe pushed the 
first 50 |xl of the liquid into the muscle, the needle was slowly 
withdrawn. A second, identical 50 jxl injection was performed 
with an opposite angle toward die distal tendon. Absence of 
leakage at die point of injection and through the epimysium 
as well as homogeneous distribution of the fluids were 
assessed in control experiments using fluorescent RGTA (not 
shown). 

A first series of nine rats was used, each rat having both legs 
injected — one with RGTA, the other with PBS. Another series 
of six rats was injected into only one leg, three with RGTA and 
three with PBS. No differences were observed between the 
single and double injection procedures. 

The EDL muscles were examined 7 days after injection. 
The muscles were removed by cutting both tendons beyond 
previous ligations, sectioned transversely into segments 6-7 
mm long, and rapidly frozen in liquid isopentane cooled by 
liquid nitrogen at -150°C. Sample sections of 10 u.m thick 
were made using a cryostat (Leica). Serial sections performed 
in the mid-, proximal, and distal regions were extemporane- 
ously stained with Gomori's trichrome and examined with 
light microscopy. In both groups, muscle mean diameter, 
epimysium and peripheral zone diickness, mean diameter of 
the central ischemic area, and mean diameter of the myo- 
tubes were measured in the central part of the muscle under 
a 10 X objective using a micrometric scale. The number of 
surviving muscle fibers in the peripheral zone was measured 
under a X20 objective. Thirty different fields from both 
groups were randomly selected for the measurements. 



RESULTS 

As seen in Fig. 1 and Fig. 2, in PBS-injected EDL 
muscle controls the peripheral zone contained few 
surviving cells and regenerating fibers. In these 
untreated muscles, a radial gradient of regenerat- 
ing muscle fibers was established, with more ma- 
ture fibers at the periphery of the muscle (Fig. 1). 
The EDL muscle treated by RGTA showed a 
thicker peripheral zone of surviving muscle fibers 
(Fig. 3) than controls. No transition between these 
surviving fibers and the neighboring regenerating 
zone (noted R, Fig. 3) could be detected. 

Analysis of the histological sections of PBS- or 
RGTA-injected muscles (Fig. 1 and Fig. 3) indicate 
striking differences at the level of the epimysium, 
surviving muscle fibers and the regenerating central 
zone. The epimysium in non-RGTA-treated muscle 
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Figure 1 Low magnification of Gomori-stained transverse 
sections of die mid-proximal portion of non-RGTA-treated 
EDL from the center (*) , to the epiinysium (E) in the 
opposite region of the tendon. F indicates the surviving 
peripheral rim of muscle fibers. The central (regenerated) 
area contains myotubes or small regenerated myofibers (R). 
Magnification: X80 (bar = 100 u.m). Note significant thick- 
ening of the epiinysium (E) and the fibrotic reaction (C) 
between die surviving muscle fibers (F). In the central 
(regenerated) region, a few small regenerated myotubes can 
be seen among proliferating mononucleated cells. Scarce 
vascularization and some remaining necrotic muscle fibers 
are detected. 

(see E, Fig. 1) was constituted by a thick connective 
tissue containing several layers of fibroblastic cells 
that invaded the underlying muscle fibers (see C, 
Fig. 1). This was not detected in the RGTA-treated 
muscles (Fig. 3). In this case, the epimysium con- 
sisted of a very thin layer of connective tissue. No 
traces of invasion by connective tissue into the un- 
derlying muscle fibers or fibrosis in this zone could 
be detected. 

After 7 days, the mean diameter in the central 
region of the untreated EDL muscle was 5.1 ± 0.2 
mm and did not significantly differ from that of 
RGTA-treated muscles (5.2 ± 0.4 mm, Table 1). 
Inflammatory reaction in the epimysium was more 
pronounced in the non-RGTA-treated EDL, and the 
epimysium was more than sevenfold thicker than 
that of the epimysium from RGTA-treated muscles. 
PBS-injected EDL muscles were characterized by a 
large central area, where original muscle fibers had 




Figure 2. Gomori staining of transverse sections of non- 
RGTA-treated EDL muscle after 7 days of regeneration. 
Details of the remaining peripheral myofibers with develop- 
ment of the connective tissue (C). 

completely disappeared, and by a thin peripheral 
zone containing an average of 3.5 ± 0.7 layers of 
surviving muscle fibers. RGTA-treated muscles were 
characterized by a reduced (20% smaller) degener- 




Figure 3. RGTA-treated EDL. Note normal thickness of the 
epimysium (E) and the increased number of surviving muscle 
fibers and layers without infiltration of connective tissue. The 
transition between the surviving zone (F) and the more 
central regenerating area is very sharp (see arrow). The 
regenerating zone shows numerous well-developed and dis- 
tributed new fibers. The new fibers are already organized in 
bundles. Several blood vessels (V) are seen. 
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TABLE 1. 





Non-RGTA- 
treated EDL 


RGTA-treated 
EDL 


P 


Epimysium thickness (|xm) 


87 ± 13 


126 


0.01 


Peripheral zone thickness 


280 ± 54 


740 ± 35 


0.05 


Layers of surviving muscle fibers 


3.5 ± 0.7 


8.5 ± 1.9 


0.05 


(Regenerating) central zone diameter (u,m) 


4,470 ± 120 


3,600 ± 150 


0.05 


Muscle diameter (mm) 


5.1 ± 0.2 


5.2 ± 0.4 


ns 


Mean diameter of the myotubes (u.m) 


8 ± 4 


17 ± 5 




range (u,m) 


(6-21) 


(13-26) 





n = 9 rats; P = statistical significance established using Student's / test; ns = nonsignificant. 



ative central area and an enhanced (260% larger) 
peripheral zone containing 8.5 ±1.9 layers of sur- 
viving muscle fibers. The mean diameter of the 
myotubes was 17 ± 5 |xm (range 13 to 26) in the 
RGTA group and 8 ± 4 u,m (range 6 to 21) in the 
control group. Dense connective tissue was present 
in large quantities among the fibers in the central 
region of the EDL muscle (Fig. 2) and was not visible 
in the RGTA-treated muscle (Fig. 4). The overall 
architecture in the central EDL was disorganized 
(Fig. 5) as opposed to a preserved internal structure 
(such as perimysium, noted by P in Fig. 4) induced 
by the RGTA treatment (Fig. 6). 

Furthermore, in the ischemic muscle zone, blood 
vessels of the control EDL are located mainly in the 
epimysium and exhibit a 'sinusoidal' undifferenti- 
ated structure with large lumens (not shown). In 
EDL treated with RGTA, dense blood vessels are well 
differentiated (see V, Fig. 3 and 6) within the previ- 
ously ischemic zone and highly ischemic environ- 
ment. 

On day 3, muscle fibers were invaded by macro- 
phages phagocytosing the necrotic cytoplasm and 
the edema disappeared. On day 5, myoblasts and 
early myotubes were detected within the basal lamina 



of the original muscle fibers. On day 7, regeneration 
of new muscle fibers within the ischemic parts was 
observed, with only a small contribution from surviv- 
ing peripheral muscle fibers. Ischemia induced by 
the ligation of each tendon and cutting of the 
neurovascular trunks passed through very similar 
phases. Indeed, at day 7, regeneration of new muscle 
fibers within the ischemic parts was also detected as 
well as two to four layers of surviving peripheral 
muscle fibers (Figs. 1, 2). 



DISCUSSION 

Sequential degenerative and regenerative phases oc- 
curring after free grafting of EDL muscle undergo- 
ing ischemia have been thoroughly characterized in 
the rat by Carlson (3) and in mdx mice by Anderson 
(23). Indeed, at day 1, the EDL muscle was placed in 
highly ischemic environment; as a result, all of the 
muscle fibers except for a rim 2-4 fibers thick 
around the periphery entered a state of ischemic 
necrosis. 

A small increase of surviving fibers was observed 




Figure 4. The absence of connective tissue is shown in Figure 5. Gomori staining of transverse sections of non- 

RGTA-treated EDL. P = perimysium (bar = 50 u,m, magnifi- RGTA-treated EDL muscle after 7 clays of regeneration, 

cation: X 380). Treatment induced the preservation of mus- Details of the ischemic central region, showing small regen- 

cle fibers, with small spaces between them and low-level erated myotubes (M) surrounded by many mononucleated 

development of connective tissue. cells (arrows). 
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Figure 6. Details of the ischemic central region containing 
many well-differentiated myotubes (M) ( with central nuclei) 
in RGTA-treated EDL (bar = 50 m). Magnification: X380. 
V = blood vessels. Treatment with RGTA accelerated and 
enhanced the differentiation of regenerated new fibers. 

when compared with the whole muscle graft model. 
This difference is probably due to the fact that, in 
our model, the muscle is not subjected to changes of 
tension. 

As presented in Results, treatment with a single 
injection of RGTA induced major differences com- 
pared with injured control muscle, whereas RGTA 
had no effect when injected into intact muscle. The 
absence or reduced fibrotic reaction at the level of 
the epimysium in the RGTA-treated muscle indicates 
that ischemia-induced necrosis was less effective at 
the muscle periphery and suggests a protective and 
control of the inflammatory effect by RGTA. In 
freely grafted EDL muscle, die fibrotic reaction was 
associated with revascularization from collaterals, 
which penetrated the epimysium and progressed in a 
centripetal way toward the center of die muscle (2). 
This protective effect was also observed in up to six to 
eight layers of peripheral muscle fibers. Comparative 
histological studies between intact and RGTA-treated 
ischemic EDL muscles show no significant differ- 
ences at the level of the epimysium. The absence or 
inhibition of degradative enzymes released from 
dying and inflammatory cells could explain the 
maintenance of tissue integrity. RGTA was shown to 
inhibit elastase from plasmin and leukocytes (17, 
18). Furthermore, RGTA protects HBGF(s) such as 
FGF 1, 2 or TGF-fJl from proteolysis (12, 14). Several 
growth factors are known to act as cellular or tissular 
survival agents. As in the case of muscle cells, a 
cardioprotection has been reported for FGF 2 and 
for insulin-like growth factor 1 (IGF1) when admin- 
istered in an isolated rat heart model of ischemia 
perfusion (24, 25). RGTA may act either direcdy by 
protecting and potentiating HBGF(s) such as FGF 2 
or indirectly by protecting binding proteins such as 
IGF BP3, 4, and 5, which also bind heparin. It is 
noteworthy that TGF-3 has been shown to counter- 



act the deleterious effects of tumor necrosis factor 
alpha and oxygen free radicals in reperfusion injury 
of myocardial ischemia (25). Protecting the bioavail- 
ability of TGF-0 should also protect against free 
radical damage. In skeletal muscle regeneration, 
numerous studies have implicated growth factors, 
among which FGFs, IGF, and TGF-3 are believed to 
play a prominent role. Similarly, in healthy tissues 
surrounding ischemic areas of skeletal muscle, a 
marked induction of FGF 2 mRNA has been re- 
ported (26). 

We propose that RGTA may act as a survival and 
protective agent through the maintenance and pro- 
tection of the bioavailability of preexisting and newly 
synthesized growth factors. In more central zones of 
the muscle, deprivation of oxygen is more important 
than at the periphery and the protective effect of 
RGTA on cellular integrity is no longer sufficient. 
Cellular necrosis occurs, followed by a strong inflam- 
matory response. Growth factors may be released 
from their extracellular matrix compartment, 
and/or from necrotic vascular inflammatory cells as 
well as diffusing from neighboring healthy tissues 

(26) . These factors are believed to participate in 
muscle regeneration. Indeed, growth factors such as 
FGFs, IGFI and II, and TGF-p can function individ- 
ually or in combination to down- or up-regulate 
satellite cell proliferation and fusion, multiplication 
of cell lines in culture, in isolated single myofibers 

(27) , and probably in muscle precursor cells in vivo 
(8). This complex regulation was also shown for 
hepatocyte growth factor (28), another HBGF, but 
not for FGF2 (29), although blocking antibody to 
FGF2 modifies muscle regeneration after injury (30). 
The basal lamina is a domain of the extracellular 
matrix in which FGFs are stored through their 
interaction with heparan sulfate (31). Thus, these 
structures can supply one of the growth factors 
controlling at least in vitro the proliferation of satel- 
lite cells (32). In mdx mice, which display persistent 
regeneration, the increasing rate of myoblast regen- 
eration is correlated with a high level of FGF1 (33). 
TGF-3s are also stored in the extracellular matrix, 
and TGF-[31 and -3 have been shown to be expressed 
by regenerating muscle in the first day after trauma 
(30) . We suggest that RGTA may act in this model by 
protecting the endogenously released HBGF as well 
as by inhibiting elastase, plasmin, and other degra- 
dation enzymes of inflammation (17, 18). The result 
of such action would be an enhancement of the 
bioavailability of local growth factors and a better 
preservation of the remaining muscle basal lamina. 

A single injection of RGTA at the time of injury led 
to a striking enhancement of muscle fiber survival 
and regeneration of the ischemic muscle. At present, 
acute lower extremity ischemia results in high peri- 
operative morbidity, with an amputation rate of 
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around 20% and mortality in the same range. As a 
result of this ischemia, nerves and muscles are the 
first structures to be degraded, leading to neuromus- 
cular junction destruction, muscle fiber degenera- 
tion, and sarcolysis. This destruction is seldom fol- 
lowed by muscle regeneration and fibrotic tissue 
often replaces muscle cells, which may eventually 
degenerate to gangrene. Our results indicate that 
RGTA, assuming that they are devoid of the poten- 
tially carcinogenic benzylamide group, may repre- 
sent a new class of therapeutic agents and a new 
strategy to preserve muscles from degeneration. [£j] 
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